Introduction {#sec1}
============

Due to its evolutionary significance, impressive materials properties, and aesthetic beauty, the molluscan shell has long received attention from a wide variety of scientific disciplines \[[@bib1]\]. Although molluscan shells are constructed from a complex mixture of calcium carbonate, carbohydrates \[[@bib7], [@bib8]\], and lipids \[[@bib9]\], proteins have received the most attention arguably for two main reasons: they can provide deep insight into the evolutionary history of this composite structure and the techniques for the high-throughput study of these molecules are well established and are technically straightforward. Much progress has been made in identifying the components of the shell-forming proteome from a variety of gastropod and (primarily) bivalve species (e.g., \[[@bib10]\]) largely due to advances in nucleic acid sequencing technologies that, when coupled with high-throughput proteomic surveys of the biomineralized proteome, allow for the rapid generation of extensive lists of shell-associated proteins. However, without further validation, genes identified in this way should only be considered as candidate biomineralizing molecules. This problem is often compounded by the fact that these proteins often share little to no sequence similarity with proteins from conventional model organisms, making any inference about their function very difficult. This bottleneck represents one of the current major challenges for scientists interested in understanding the mechanisms and evolution of molluscan biomineral formation. While knock-down of individual shell-forming genes via RNAi has been reported in some species of bivalves \[[@bib10], [@bib18], [@bib19]\], these assays are rarely validated by protein immuno-detection, and levels of penetrance or statistical quantitation of knock-down phenotypes are rarely reported.

Another approach to gain insight into the function of shell-forming genes is to characterize their spatial expression patterns *in situ*. We previously adopted this approach in the tropical abalone *Haliotis asinina* with a Sanger Expressed Sequence Tag (EST) dataset and characterized the spatial expression patterns of more than 20 putative shell-forming genes in juvenile snails \[[@bib16]\]. While a spatial expression pattern in the mantle is not direct evidence of a functional role in calcification, we were able to assign putative functions to genes involved in shell pigmentation \[[@bib16]\] and ecological and mineralogical transitions \[[@bib20]\]. Here, we have combined an next-generation sequencing (NGS) transcriptome analysis of adult mantle tissue with a proteomic survey of the adult shell of the freshwater pulmonate gastropod *Lymnaea stagnalis* in order to both compare the resulting data with other similar datasets and to generate the first *in situ*-validated ontogenetic transcriptome-scale dataset for a species that forms the most common molluscan shell microstructure, crossed lamellar \[[@bib21]\]. The high-order structure of crossed-lamella, which allows it to efficiently deflect and arrest cracks \[[@bib24]\], coupled with its extremely low organic content (typically \<0.5%) has been suggested to be one reason it has enjoyed so much evolutionary success (reviewed in \[[@bib28]\]). Recent proteomic studies have been reported for molluscs that build crossed-lamellae shells (*Helix aspersa maxima* \[[@bib29]\] and *Cepaea nemoralis* \[[@bib14]\]), however, those studies did not conduct any spatial expression analyses for the shell-forming proteins they identified. In addition to characterizing the spatial expression patterns of more than 30 shell-forming candidates in the adult mantle tissue of *L. stagnalis*, we have also investigated their spatial expression patterns during development.

Our analyses hint at the potential pleiotropic nature of some of these shell-forming genes and highlight the dynamic and asymmetric natures of their spatial regulation. A striking result of our analyses in the adult mantle tissue is the degree of spatial modularity displayed by distinct sets of genes. This general observation may contribute to an explanation of why the molluscan shell is apparently so evolvable. With the availability of a draft *L. stagnalis* genome and transcriptome data from a variety of adult tissues, we have also investigated the genetic architectures of our biomineralization candidates and explored to what extent alternative splicing plays a role in shell formation in *L. stagnalis*. These genes can also be compared with similar datasets from distantly related molluscs that build shells with alternative polymorphs of calcium carbonate (calcite vs. aragonite) and textures (prismatic vs. nacreous vs. crossed lamellae). Such comparisons can generate testable hypotheses regarding which components of the shell-forming toolkit contribute to these differences and which components are required for more fundamental aspects of shell formation.

Methods {#sec2}
=======

Cultivation of adult *L. stagnalis* {#sec2-1}
-----------------------------------

*Lymnaea stagnalis* (Mollusca; Gastropoda; Heterobranchia; Euthyneura; Panpulmonata; Hygrophila; Lymnaeoidea; Lymnaeidae; Lymnaea) does not fall under the German Animal Protection Act §8 and is listed as "least concern" under the International Union for Conservation of Nature (IUCN\'s) list of threatened species. This work was therefore exempt from the University of Göttingen Ethics Committee. Adult specimens of *L. stagnalis* derived from animals originally collected from the Northeimer Seenplatte, Germany (51° 43' 26.5368', 9° 57' 24.75'), and from a pond on the north campus of the University of Göttingen, Germany (51° 33΄ 23.727΄, 9° 57΄ 25.617΄), were kept in a stand-alone V30 unit (Aqua Schwarz) in demineralized water supplemented with ReMineral+ (Dennerle, 7036) to a conductivity of 200--220 μS, 23°C, a pH of 7.5 to 7.9 and a 16:8 light regimen. Five to 10 individuals were kept in 3- or 5-liter boxes under a constant and low-flow rate. Snails were fed *ad libitum* with lettuce and a variety of other vegetables. Under this regime, adult snails lay egg masses year round.

Organic matrix extraction from calcified shells {#sec2-2}
-----------------------------------------------

Twelve shells of adult *L. stagnalis* (larger than 3--4 cm in length) were selected for extraction. Prior to further treatment, the columella was delicately cut and removed from each shell. Superficial organic contaminants were removed by incubating pooled shell fragments in 10% v/v sodium hypochlorite (NaOCl) for 24 hours. Fragments were then thoroughly rinsed with water and subsequently ground into a fine powder that was sieved (\>200 μM). This biomineral powder was incubated in 5% v/v NaOCl for 5 hours and rinsed twice with MilliQ water. Powdered samples were decalcified overnight at 4°C in cold 5% v/v acetic acid that was slowly added by an automated burette (Titronic Universal, Mainz, Germany) at a flow rate of 100 μL every 5 seconds. The solution (final pH ∼4.2) was centrifuged at 3,900 g for 30 minutes. The resulting acid-insoluble matrix (AIM) pellet was rinsed six times with MilliQ water, freeze-dried, and weighed. The supernatant containing acetic acid-soluble matrix (ASM) was filtered (Millipore, 5 μM) and concentrated in an Amicon ultra-filtration stirred cell (model 8400, 400 mL) on a Millipore membrane (10 kDa cutoff). The final solution (\>5 mL) was extensively dialyzed against 1 L of MilliQ water (six water changes) before being freeze-dried and weighed.

Sample preparation for proteomic analysis {#sec2-3}
-----------------------------------------

In-solution digestion of unfractionated ASM (0.1 mg) and AIM (1 mg) material was performed as follows. Samples were reduced with 50 μL of 10 mM dithiothreitol in 50 mM ammonium bicarbonate (NH~4~HCO~3~) for 30 minutes at 50°C. Alkylation was performed with 50 μL of 100 mM iodoacetamide in 50 mM NH~4~HCO~3~ for 30 minutes at room temperature in the dark. The solution was then treated with 1 μg of trypsin (proteomic grade; Promega) in 10 μL of 50 mM NH~4~HCO~3~ overnight at 37°C. Samples were then dried in a vacuum concentrator and re-suspended in 30 μL of 0.1% trifluoroacetic acid and 2% acetonitrile (CH~3~CNCN).

Peptide fractionation and data acquisition {#sec2-4}
------------------------------------------

Mass spectrometry (MS) was performed using a Q-Star XL nanospray quadrupole/time-of-flight tandem mass spectrometer, nanospray-Qq-TOF-MS/MS (Applied Biosystems, Villebon-sur-Yvette, France) coupled to an online nanoLC system (Ultimate Famos Switchos from Dionex, Amsterdam, The Netherlands). One microliter of each sample was loaded onto a trap column (PepMap100 C18; 5 μm; 100 Å; 300 μM x 5 mm; Dionex), washed for 3 minutes at 25 μL/min with 0.05% trifluoroacetic acid/2% acetonitrile, then eluted onto a C18 reverse phase column (PepMap100 C18; 3 μm; 100 Å; 75 μM x 150 mm; Dionex). Peptides were separated at a flow rate of 0.300 μL/min with a linear gradient of 5--80% acetonitrile in 0.1% formic acid over 120 minutes. MS data were acquired automatically using ANALYST QS 1.1 software (Applied Biosystems). Following an MS survey scan over *m/z* 400--1600 range, MS/MS spectra were sequentially and dynamically acquired for the three most intense ions over *m/z* 65--2000 range. The collision energy was set by the software according to the charge and mass of the precursor ion. MS and MS/MS data were recalibrated using internal reference ions from a trypsin autolysis peptide at *m/z* 842.51 \[M + H\]^+^ and *m/z* 421.76 \[M + 2H\]^2+^.

Mass spectrometry data analysis {#sec2-5}
-------------------------------

Protein identification was performed using the MASCOT search engine (version 2.1; Matrix Science, London, UK) against translations in all six frames of our mantle transcriptomes, which possessed Benchmarking Universal Single-Copy Orthologs completeness scores of \>98% (see below). Liquid chromatography (LC)-MS/MS data were searched using carbamido-methylation as a fixed modification and methionine oxidation as a variable modification. The peptide mass and fragment ion tolerances were set to 0.5 Da. The peptide hits (protein score \>50; false discovery rate \<0.05; 1 missed cleavage allowed) were manually confirmed by the observation of the raw LC-MS/MS spectra with ANALYST QS software (version 1.1). Quality criteria were the peptide MS value, the assignment of major peaks to uninterrupted y- and b-ion series of at least three to four consecutive amino acids, and the match with the *de novo* interpretations proposed by the software. All MS data has been deposited with the ProteomeXchange Consortium via PRIDE \[[@bib30]\] with the dataset identifiers PXD008547 and 10.6019/PXD008547. Shell-forming candidates *Lstag-sfc-*7, *Lstag-sfc-*8, and *Lstag-sfc-*9 were bioinformatically selected for analysis based on the presence of a signal peptide and their glycine-rich sequences (i.e., they were not detected using the proteomic methods described above).

Bioinformatic analysis of protein sequences {#sec2-6}
-------------------------------------------

Using the peptides identified from the proteomic survey described above, partial or, in most cases, full length coding sequences were isolated by standard or RACE polymerase chain reaction (PCR) as described in \[[@bib31]\]. In some cases, Illumina transcriptome data (see below) were used to clarify the putative complete mRNA. Open reading frames were translated with the ExPASy translate tool \[[@bib32]\]. Protein sequences were searched for signal sequences with SignalP 4.1 \[[@bib33]\]. The theoretical pI, amino acid composition, and number of amino acids were determined using the ExPasy ProtParam tool \[[@bib34]\]. Tandem repeats were identified with the T-REKS tool \[[@bib35]\]. Sequence similarities searches were performed with the Basic Local Alignment Search Tool (BLAST) algorithm \[[@bib36]\] with tBLASTx against nr and dbEST and BLASTx against SwissProt. Domain searches were performed with CD search \[[@bib37]\]. Molecular function was predicted with InterProScan \[[@bib38]\]. GalNAc O-glycosylation sites were predicted using the NetOGlyc 4.0 Server \[[@bib39]\]. Scaled schematics of protein sequences were generated using Gene Structure Draw \[[@bib40]\]. Intron-exon boundaries were mapped to a draft genome of *L. stagnalis* originally reported in \[[@bib41]\] using Splign \[[@bib42]\]. Similar transcripts were retrieved from the assembled transcriptomes of mantle zones 1--5 combined, mantle zone 5 alone, cephalic tentacle, cephalic lobe, central nervous system (CNS), foot, buccal mass, and larval stages 42 hours post first cleavage (hpfc), 52 hpfc, and 67 hpfc using BLASTn searches (see below for NGS details). All transcripts with complete open reading frames were considered. Only candidates yielding an mRNA coverage of \>98% and an overall identity of \>98% are documented. Scaled schematics of the gene architecture were generated using Gene Structure Draw \[[@bib40]\]. Protein patterns were searched for using a modified local installation of PatMatch \[[@bib43]\].

NGS sequencing {#sec2-7}
--------------

Total RNA was extracted from the mantle edge and the proximal mantle tissue of a single adult *L. stagnalis* using TriReagent following the manufacturer\'s instructions. The resulting RNA was processed by the sequencing center at the IKMB at the University of Kiel (Germany). Paired end, stranded TrueSeq RNA libraries were constructed and sequenced for 101 bases from both ends using the Illumina HiSeq2000 platform (Illumina, CA, USA). More than 99 million and 100 million reads were generated from each of these libraries, respectively. These Illumina reads were processed using our pipeline as previously described \[[@bib44]\]. Briefly, raw reads were adapter trimmed and quality filtered using Trimmomatic V0.32. Filtered reads were then assembled with Trinity V2.0.3, CLC Genomics Workbench *de novo* assembler (V8.5), and IDBA-tran. The resulting assemblies were then merged and filtered for redundancy using our pipeline \[[@bib44]\]. Mantle transcriptome assemblies and cDNA and protein translations of the 34 shell-forming genes are available in the *GigaScience* Database, GigaDB \[[@bib45]\]. In addition, transcriptomes from five adult tissues (cephalic tentacle, cephalic lobe, CNS, foot, and buccal mass) and three larval stages (42 hpfc, 52 hpfc, and 67 hpfc) were sequenced and assembled as described above. These transcriptomes were used to assess the tissue-specific alternative splicing characteristics of all shell-forming genes. All raw NGS data has been deposited in the Sequence Read Archive (SRA) with BioSample accession numbers SAMN08117214, SAMN08117215, SAMN08709370, SAMN08709371, SAMN08709372, SAMN08709373, SAMN08709374, SAMN08709375, SAMN08709376, and SAMN08709377.

*In situ* hybridization on whole mounts and sections {#sec2-8}
----------------------------------------------------

Larvae were prepared for whole mount *in situ* hybridization as described in \[[@bib46]\]. Sections (10 μM) were taken from *L. stagnalis* (shell length 10--50 mm) that had been fixed in formaldehyde for 1 hour and embedded in paraffin. Riboprobes were prepared as described in \[[@bib16]\] and were used at concentrations of 100--500 ng/mL. Whole mounts and tissue sections were processed for hybridization, the color reaction developed, and photo-documented as described in \[[@bib46]\].

Comparisons of molluscan shell-forming proteomes {#sec2-9}
------------------------------------------------

BLASTp-based comparisons of the *L. stagnalis* shell proteome were performed against a variety of calcifying proteomes reported in a wide phylogenetic range of metazoans as described in \[[@bib14]\]. These included 42 proteins from the oyster *Pinctada maxima* reported in \[[@bib47]\]; 78 proteins from the oyster *Pinctada margaritifera* reported in \[[@bib47]\]; 94 proteins from the abalone *Haliotis asinina* reported in \[[@bib17]\] and \[[@bib16]\]; 80 proteins from the abalone *H. laevigata* reported in \[[@bib48]\]; 63 proteins from the limpet *Lottia gigantea* reported in \[[@bib49]\]; 53 proteins from the oyster *Crassostrea gigas* reported in \[[@bib50]\]; 71 proteins from the mussel *Mya truncata* reported in \[[@bib51]\]; 59 proteins from the grove snail *Cepaea nemoralis* reported in \[[@bib14]\]; 44 proteins from the oyster *Pinctada fucata* reported in \[[@bib52]\]; 53 proteins from the mussel *Mytilus coruscus* reported in \[[@bib53]\]; 66 proteins from the brachiopod *Magellania venosa* reported in \[[@bib54]\]; 139 proteins from the sea urchin *Strongylocentrotus purpuratus* reported in \[[@bib55]\]; and 37 proteins from the coral *Acropora millepora* reported in \[[@bib56]\].

Analysis of the saccharide moieties of the shell matrix {#sec2-10}
-------------------------------------------------------

The monosaccharide content of AIM and ASM was obtained by suspension and homogenization (vortex and ultrasound) of lyophilates in 2 M trifluoroacetic acid and subsequent hydrolysis at 105°C for 4 hours under a nitrogen atmosphere. This treatment allows for the release of most monosaccharides from complex mixtures, except sialic acids, which are destroyed, and the acetylated forms of glucosamine and galactosamine, which are converted to their respective non-acetylated forms. Samples were then centrifuged for 5 minutes at 15,000g and evaporated to dryness (using a SpeedVac) before being dissolved in 100 µL of 20 mM sodium hydroxide and homogenized. After a short centrifugation (2 minutes), 80 µL of supernatant was injected into the chromatograph system. The neutral, amino, and acidic sugar contents of hydrolysates were determined using high-pressure anion exchange--pulsed amperometric detection on a CarboPac PA 100 column (Dionex Corp., Sunnyvale, CA, USA). As blank controls, non-hydrolyzed AIMs were analyzed in order to detect potential free monosaccharides that may lead to an over-representation of some sugar residues.

Results {#sec3}
=======

Proteomic analysis of the biomineralized matrix of *L. stagnalis* shells {#sec3-1}
------------------------------------------------------------------------

More than 1,230 peptides were analyzed by High-performance Liquid Chromatography (HPLC)-MS and subsequently used for protein identification using Mascot against our translated mantle transcriptomes. Of these 1,230 peptides, 329 returned significant matches. From these 329 matches, a total of 40 shell-forming candidate transcripts were identified (see Additional file 1). Of these 40 gene products, 31 (78%) could be cloned and exhibit *in situ* hybridization signals compatible with a role in shell formation (either in larval stages and/or in the adult mantle tissue). Seven of these 40 candidates (18%) could be cloned from *L. stagnalis* cDNA but did not produce a positive or consistent *in situ* signal in any tissue. Three of the 40 candidate genes (8%) could not be amplified by gene-specific PCR or RACE PCR. In addition to the 31 proteomically identified candidates that generated positive *in situ* signals, three candidates that were identified via *in silico* methods (based purely on the presence of a signal sequence and their glycine-rich protein sequences) also generated *in situ* signals compatible with a role in shell formation and are reported here.

A brief morphological description of *L. stagnalis* shell ontogeny and the adult mantle {#sec3-2}
---------------------------------------------------------------------------------------

We previously described the ontogeny of the shell gland and shell field in *L. stagnalis* \[[@bib57]\]. In order to aid the interpretation of our *in situ* patterns, the following is a summary of the main developmental stages that we focused on. The first visible sign of differentiation of the shell-forming tissue in *L. stagnalis* is a thickening of the dorsal ectoderm that begins at approximately 29 hpfc \[[@bib57], [@bib58]\]. These cells subsequently invaginate and by 2 days post first cleavage (dpfc) a clearly visible "shell gland" is present \[[@bib57], [@bib58]\]. By 3 dpfc, the shell gland has formed a sealed lumen and displays the first signs of outward signs of asymmetry \[[@bib57]\]. The marginal cells that border the shell gland remain uninvaginated and form a ring-like structure, the rosette \[[@bib2]\]. During this time, the first extracellular organic material is secreted and is clearly visible by Scanning Electron Microscopy (SEM) (Fig. [1](#fig1){ref-type="fig"}; \[[@bib57]\]). By 3 dpfc, the shell gland has evaginated to form the shell field. The former rosette cells remain highly elongated while the central cells take on a low columnar appearance. Over the next several days, the shell field continues to expand until it has overgrown the visceral mass and will eventually become the adult mantle tissue \[[@bib2], [@bib57], [@bib58]\].

![Overview of four developmental stages and representative shell-forming gene expression patterns in *L. stagnalis*. The first two rows provide a set of reference SEM images and adult shells (top-right-most panel) against which the images of the *in situ* results can be oriented. All *in situ* panels are from a dorsal view except the right-most column, which is from a ventral view. Here, we present the expression patterns of a selection of five shell-forming genes. These include genes with expression patterns in shell-forming cells that display evidence of symmetry (*sfc-5*), right asymmetry (*sfc-1*), left-asymmetry (*sfc-17*), expression entirely throughout the shell field and dorsal mantle epithelium (*sfc-20*), and expression in additional non-shell-forming cells. This last expression pattern provides evidence of genes involved in shell formation that have pleiotropic functions. The scale bars in the first row are 100 μm. Indicated in the SEM images are the positions of the foot lobe (fl), foot (f), mantle margin (mm), calcified shell (s), stomodeum (st), and insoluble organic material (iom) of the shell.](giy056fig1){#fig1}

The adult mantle covers the inner surface of the shell and is responsible for shell growth and repair. The free edge of the mantle is responsible for the growth of the outer lip of the shell. Timmermans conducted an extensive histochemical characterization of the mantle tissue of *L. stagnalis* and was able to categorize the free edge of the adult mantle into six distinct zones based on their morphology, enzymatic activities, and biochemical signatures \[[@bib59]\]. We largely follow this categorization of the adult mantle tissue. Parallel to the mantle edge runs the mantle groove (also known as the pallial groove) defined as zone 1 (Fig. [2](#fig2){ref-type="fig"}). Several high-resolution microscopy and histological studies on a variety of molluscs have demonstrated that it is from within the pallial groove that the periostracum is formed and secreted \[[@bib59]\]. We detected a sub-regionalization of the pallial groove (zone 1) into proximal and distal zones. Immediately adjacent to the pallial groove is a broad region of high columnar cells referred to by Timmermans \[[@bib59]\] as the "belt" that can be subdivided into three distinct zones (zones 2--4). Zone 2 is immediately adjacent to the posterior wall of the pallial groove and comprises the anterior (or distal) portion of the belt (Fig. [2](#fig2){ref-type="fig"}). Zone 3 consists of the posterior portion of the belt, while zone 4 represents the transitional zone between the high columnar cells of the belt proper and the more posterior low columnar cells of the outer epithelium, which comprise zone 5 (Fig. [2](#fig2){ref-type="fig"}) \[[@bib59]\].

![Overview of the adult *L. stagnalis* shell-forming mantle tissue and representative shell-forming gene expression patterns that reveal its molecular modularity. (**A)** A semi-thin sagittal section of an adult *L. stagnalis* stained with Giemsa. The foot (f), mantle (m), digestive gland (dg), and radula (r) are indicated. The mantle tissue is a thin sheet of epithelium that covers the dorsal surface of the adult animal and is responsible for fabricating the shell. **(B)** A magnified view of the red-boxed region in part A reveals some of the cellular morphology of the adult mantle tissue. **(C)** A schematic representation of the mantle tissue divided into six zones as described by Timmermans \[[@bib59]\]. The spatial distribution of enzymatic activities and biochemicals indicated in this schematic are adapted from \[[@bib59]\]. We detect a sub-regionalization of the pallial groove (zone 1) into proximal (light green) and distal (dark green) zones. **(D)** The spatial expression patterns of eight representative shell-forming genes in the adult mantle tissue. The asterisk indicates that *sfc-*6 was identified using *in silico* methods rather than proteomic methods.](giy056fig2){#fig2}

Spatial expression patterns and molecular features of shell-forming candidate genes {#sec3-3}
-----------------------------------------------------------------------------------

We performed *in situ* hybridization for 34 distinct shell-forming genes on four distinct developmental stages and on adult mantle tissue. The detailed results of these analyses are presented in Additional files 2--35, with an extensive summary presented in Additional file 36 (the raw image files that constitute these figures are available in the associated GigaDB repository \[[@bib45]\]. In Fig. [1](#fig1){ref-type="fig"} (for larvae) and Fig. [2](#fig2){ref-type="fig"} (for adult mantle tissue) we present a selection of these results that highlight some prominent features of these expression patterns. In trochophore and veliger larval stages (2--6 dpfc), all genes could be categorized either as being: expressed in cells that symmetrically or asymmetrically border the shell gland or shell field (15/34); in cells that lay within the shell gland or shell field (9/34); a pattern that did not fit into our classification scheme (1/34); or were not expressed in any detectable way (9/34). In later stages (∼7 dpfc), all genes were either: expressed uniformly along the outer edge of the mantle (10/34); asymmetrically in the outer edge of the mantle (18/34); throughout the entire mantle tissue (2/34); a pattern that did not fit into our classification scheme (1/34); or were not expressed in any detectable way (3/34). Finally, in adult mantle tissue, genes were either: expressed in one or more of the five zones described by Timmermans \[[@bib59]\] (32/34); a pattern that did not fit into our classification scheme (1/34); or were not expressed in any detectable way (1/34). We have schematically summarized all of these results in Fig. [3](#fig3){ref-type="fig"}.

![Summary of the spatial gene expression profiles and conserved features of 34 *L. stagnalis* shell-forming candidates. Schematically represented in a trochophore larva are genes with an asymmetric expression profile (dark gray), as well as genes expressed broadly across the shell field (light blue). Cells in this region of the trochophore are likely to give rise to cells in zone 5 of the adult mantle, and we have maintained that color scheme to suggest this. Although we schematically present a trochophore larva here (2--3 dpfc), the summarized expression patterns also include veliger stages (3--6 dpfc). Cells bordering the larval shell gland and shell field (black ring in the trochophore) are likely to give rise to one or more zones 1--4 in the adult mantle. In juveniles (∼7 dpfc) many genes were expressed in the left, right, or continuously throughout the free edge of the mantle that produces the outer lip of the shell. Question marks indicate expression patterns that could not be categorized according to our scheme. An "x" indicates no expression was detected. A "?" indicates that the expression pattern could not be categorized according to our scheme. The names of enzymes and other molecular features indicated in zones 1--5 on the schematic of the adult mantle are summarized from \[[@bib59]\] and \[[@bib3]\]. Sequence similarity and conserved domains in the final column of the table are summarized from a number of BLAST searches against SwissProt, the non-redundant National Center for Biotechnology Information database, and the Conserved Domain database. See Additional files 40--42 for the results of all BLAST and domain searches. The lineages of the top BLAST hits are listed in Additional file 43. A version of this figure that includes a more complete summary of the molecular features of each gene is provided in Additional file 36. The asterisks indicate that *sfc-6, -7*, and *-8* were identified using *in silico* methods rather than proteomic methods (as was the case for all other gene products presented here).](giy056fig3){#fig3}

Alternative splicing increases the diversity of shell-forming proteins {#sec3-4}
----------------------------------------------------------------------

Via alternative splicing of mRNAs, transcripts with a variety of functions can be generated from a single genomic locus \[[@bib65]\]. With a draft genome for *L. stagnalis* available, we were able to perform some preliminary investigations into alternative splicing of our shell-forming candidates. While some candidate genes displayed the same or very similar exon-splicing patterns in all surveyed tissues (e.g., Additional files 5, 9, 14, 15, and 16), most candidates are apparently alternatively spliced depending on the tissue they are expressed in (Additional files 4, 11, 12, 18, 19, 22, 23, 25, and 33). Striking examples include *Lstag-sfc-21* and *Lstag-sfc-24*, which are expressed in many tissues but display significant alternative splicing in the adult mantle (Additional files 22 and 25). All splice variants of candidate *Lstag-sfc-24* encode proteins with the same aspartic acid-rich motif (Additional files 25, 37, and 38). Aspartic acid-rich proteins have been suggested to act as an organic template for epitaxial crystal growth \[[@bib66], [@bib67]\]. It is tempting to speculate that the three additional domains only present in adult mantle *Lstag-sfc-24* contigs confer a specific shell-forming function to this protein. The putative chitin-interacting candidate *Lstag-sfc-21* presented in Additional file 22 carries a signal sequence and is predicted to possess a catalytic activity. Intriguingly, a number of splice variants of this gene within the adult mantle are predicted to lack a signal sequence, the chitin-binding or catalytic ability ([Additional file 37](#sup11){ref-type="supplementary-material"}).

A number of shell-forming gene candidates produce alternatively spliced transcripts that encode proteins with differences regarding the presence/absence of a signal sequence (Additional files 11, 12, 22, 25, and 37). Some shell-forming genes also produce alternatively spliced transcripts that encode proteins with similar coding features but radically different 5\' or 3\' untranslated regions (UTRs) (Additional files 12, 19, 33, and 37). While UTRs do not contain protein-coding information, they can be critical for localization of the mRNA \[[@bib68], [@bib69]\] and post-transcriptional gene regulation by molecules such as miRNAs \[[@bib70]\]. Indeed, several miRNAs have now been associated with the targeting and regulation of biomineralizing proteins \[[@bib71], [@bib72]\].

Comparisons of molluscan shell-forming proteomes {#sec3-5}
------------------------------------------------

We conducted a broad comparison of our *L. stagnalis* shell-forming genes against a wide phylogenetic range of 12 other biomineralizing proteomes comprising 879 proteins (sequences used in this analysis are provided in Additional file 39). Of all *L. stagnalis* shell proteins, 27 shared significant sequence similarity with 1 or more of these 12 proteomes (Fig. [4](#fig4){ref-type="fig"}). The highest degree of overall similarity was found with the shell-forming proteome of the common groove snail *C. nemoralis* (Fig. [4](#fig4){ref-type="fig"}), the closest phylogenetic relative to *L. stagnalis* of all species in this comparison. The next highest level of similarity shared with the *L. stagnalis* shell-forming proteome (15.9% of the *L. gigantea* shell-forming proteome) was markedly lower. *Lymnaea stagnalis* shell-forming proteins that shared significant similarity with biomineralizing proteins from other species and that also returned a significant match against a SwissProt entry included *Lstag-*sfc-32 (with similarity to *C. nemoralis* contig 572), which appears to be an intermediate filament protein. *Lstag-*sfc-22 (a gene expressed exclusively in zone 5, Additional file 23) shared relatively weak similarity with *C. nemoralis* contig 821 and shares significant sequence similarity with PIF, an aragonite-binding protein reported to be involved in nacre formation in the oyster *P. fucata* \[[@bib19]\]. Interestingly, of the 12 candidates expressed in the matrix-secreting zone 5, 9 showed similarity with other shell proteins (Fig. [4](#fig4){ref-type="fig"} and Additional files 23--33). Eight of these were shared with *C. nemoralis* (Fig. [4](#fig4){ref-type="fig"}). In contrast, none of the asymmetrically expressed or glycine-rich candidates were found in any of the other biomineralizing proteomes (low-complexity filtering was inactivated in these comparisons; Fig. [4](#fig4){ref-type="fig"}).

![BLASTp comparisons of the *L. stagnalis* shell proteome against 879 biocalcifying proteins derived from six bivalves, four gastropods, one brachiopod, one sea urchin, and one coral. Individual lines spanning the ideogram connect proteins that share significant similarity (e-values \<10e^−6^). Transparent red lines connect proteins with the lowest quartile of similarity (with a threshold of 10e^−6^) and green lines with the highest quartile of similarity. The percentage of each shell proteome that shared similarity with the *L. stagnalis* proteome is indicated. The table provides further information for those candidates that share sequence similarity with another species. Abbreviations: CD: conserved domain database; NR: GenBank non-redundant protein database; SP: SwissProt database.](giy056fig4){#fig4}

Glycosylation patterns of the shell matrix {#sec3-6}
------------------------------------------

The monosaccharides profiles of ASMs and AIMs extracted from adult *L. stagnalis* shells were peculiar, with less than half of the dozen standard monosaccharides represented. For ASM, these include galactosamine, glucosamine, galactose, glucuronic acid, and glucose, while AIM lacked glucuronic acid (Table [1](#tbl1){ref-type="table"}). We also found marked differences in the glycosylation rates of ASMs and AIMs. In general, the absolute degree of glycosylation of the ASM was 1--3 orders of magnitude greater that of the AIM. The largest difference was in the amount of galactosamine (10.6 ng/μL vs. 0.03 ng/μL). While glucosamine was more abundant absolutely in the ASM (9.41 ng/μL vs. 0.13 ng/μL), the proportional difference was not so extreme (34.8% vs. 54.2%).

###### 

Glycosylation analysis of acid-soluble and acid-insoluble matrices extracted from adult *L. stagnalis* shells

                      ASM         AIM                    
  ------------------- ----------- ----------- ---------- -----------
  Fucose              ND          \-          TR         \-
  Rhamnose            ND          \-          TR         \-
  Galactosamine       10.60       39.2        0.03       12.5
  Arabinose           ND          \-          ND         \-
  Glucosamine         9.41        34.8        0.13       54.2
  Galactose           4.34        16.0        0.04       16.7
  Glucose             0.32        1.2         0.04       16.7
  Mannose             ND          \-          TR         \-
  Xylose              ND          \-          ND         \-
  Galacturonic acid   ND          \-          ND         \-
  Glucuronic acid     2.39        8.8         ND         \-
  **Total**           **27.06**   **100.0**   **0.24**   **100.0**

ND = not detected, TR = trace.

Discussion {#sec4}
==========

Molecular modularity of the adult molluscan mantle {#sec4-1}
--------------------------------------------------

Two of the most striking features of the phylum Mollusca are its size (in terms of number of species) and its diversity. Widely accepted to be second only to the Arthropoda in terms of number of living species \[[@bib73], [@bib74]\], molluscs arguably display the greatest diversity of body forms of all metazoan phyla and have successfully colonized all kinds of environments. While there currently exists no consensus as to why molluscs have enjoyed such deep evolutionary success (one interesting suggestion includes a plastic nervous system \[[@bib75]\]) we believe the mantle tissue (an apomorphy of the phylum) and its ability to prolifically evolve new shell phenotypes must contribute to an explanation of this success. A logical extension of this question would therefore be, "what is it about the molluscan mantle tissue that makes it so evolutionarily plastic?" For arthropods, segmentation and body plan modularization (and the underlying gene regulatory networks that control appendage identity within each segment) are widely thought to have played leading roles in supporting the diversification of insects, spiders, and crustaceans \[[@bib76]\]. The importance of establishing segmentation at a very early developmental age in prominent phyla such as annelids, chordates, and arthropods has caused much effort to be spent on identifying the causal molecular mechanisms that may have common evolutionary histories \[[@bib77]\]. As recently reviewed by Esteve-Altava \[[@bib80]\], the presence of morphological modules can help us to understand the evolvability of body form, but the identification of such modules has so far been biased toward mammals, arthropods, and plants. Following Esteve-Altava\'s and Eble\'s \[[@bib81]\] definition of a morphological module (a group of body parts that are more integrated among themselves than they are to other parts outside the group), we propose that the molluscan mantle is a prime example of such a morphological module. This modular nature of the molluscan mantle is not unique to *Lymnaea* \[[@bib82]\]. Although the precise functions of these zones (and of the individual gene products that define them) await the development of targeted genome editing methods, it is clear that they must act in a coordinated way to deposit the shell. We predict that there are related modules of gene regulatory networks (GRNs) that act to specify each zone of the molluscan mantle and that it is the modular nature of these GRNs and the resulting morphological modularity of the mantle tissue that supported the diversification of the phylum Mollusca. Characterization of the spatial expression patterns of shell-forming proteomes from a selection of other molluscan lineages will contribute to a more refined understanding of molluscan shell evolution.

Ontogenetic expression of shell-forming candidates {#sec4-2}
--------------------------------------------------

A prominent outcome of our survey of the adult shell proteome is that many of the genes that encode these proteins are not only regulated spatially but also temporally. Many shell-forming candidates are expressed in the invaginated larval shell gland of the trochophore (Additional files 14, 15, 21, 24, 25, 27, and 28) or in cells that border it (Additional files 2, 3, 6, 7, 8, 10, 11, and 18). Only two candidates were solely expressed in the adult mantle tissue and not in any larval stage (Additional files 17 and 23). Timmermans \[[@bib59]\] concluded that the spatial patterning of larval shell-forming cells persists throughout development and foreshadows the zonation observable in the adult mantle. We also observed this phenomenon at the molecular level. All candidate genes that were expressed in the margin of the shell gland or the shell field were expressed in the belt (zones 2, 3, and 4) of the adult mantle (summarized in Fig. [3](#fig3){ref-type="fig"}, Additional files 2--8, 10--12, and 18). Most candidates expressed in the invaginated cells of the shell gland or throughout the developing shell field were subsequently expressed in the low columnar outer epithelium of zone 5 in adult mantle tissue (summarized in Fig. [3](#fig3){ref-type="fig"}, Additional files 24, 25, 27-- 29, and 31). However, three genes conspicuously deviate from this pattern. *Lstag-sfc-13, -14*, and -*20* display a broad expression pattern in the invaginated cells of the shell gland and throughout the entire shell field in larvae but were not detected in the low columnar outer epithelium (zone 5) of the adult mantle tissue (Additional files 14, 15, and 21). However, we should point out that for all candidate shell-forming genes, we did not consider the potential effect of a diurnal rhythm on gene expression. All samples for *in situ* hybridization were taken during daylight hours, and so genes with activity during the night would be missed.

Asymmetric expression of shell-forming genes {#sec4-3}
--------------------------------------------

The expression of *Lstag-sfc-1, Lstag-sfc-2*, and *Lstag-sfc-3* in zones 1 and 2 of the adult mantle suggests they may be involved in the formation of the periostracum (Fig. [1](#fig1){ref-type="fig"} and Additional files 2--4); however, it is their larval expression patterns that are more striking. *Lstag*-*sfc-1, -2*, and -*3* display a right-sided asymmetric expression pattern in cells bordering the shell gland and shell field. In contrast, *Lstag-sfc-17* is expressed on the left side (Fig.[1](#fig1){ref-type="fig"} and Additional file 18). Following the expression of these genes ontogenetically into older larvae that begin to display the coiled phenotype of the adult, it is apparent that right-sided cells in the trochophore are likely to be those that give rise to the right + anterior region of the adult mantle that will produce the outer lip of the shell, while left-sided cells will give rise to posterior mantle tissue responsible for forming the left + parietal region of the shell (Fig. [1](#fig1){ref-type="fig"}). We therefore suggest that *Lstag*-*sfc-1, -2*, and -*3* are in some way associated with producing thinner, more rapidly produced shell at the outer shell lip than in the thicker parietal region, while *Lstag-sfc-17* may inhibit the rapid deposition of shell. Exactly how this is achieved awaits the development of gene-specific function assays.

In addition to the trochophore left/right asymmetry corresponding to the left + parietal/right + outer lip regions of the shell, there is a second axis of symmetry that becomes apparent in 7-day-old juvenile snails. Many shell-forming candidates are initially symmetrically expressed in or surrounding the shell gland of 2- to 3-dpfc trochophores but then become asymmetrically expressed in the mantle of older animals. For example, *Lstag-sfc-6, -7, -8*, -*12, -14, -15, -17, -18, -20, -23, -24, -26, -27, -29*and *-31* are expressed in the left side of the free mantle edge in 7-dpfc juveniles (summarized in Fig. [3](#fig3){ref-type="fig"}). In contrast, relatively few shell-forming gene candidates (*Lstag-sfc-*5, *-9*, -*10*, -*21*, and *-25*) are expressed evenly along the free edge of the mantle in 7-dpfc juveniles (summarized in Fig. [3](#fig3){ref-type="fig"}).

The spatial expression of a peroxidase in the adult mantle allows a model of shell formation to be developed {#sec4-4}
------------------------------------------------------------------------------------------------------------

In agreement with Timmermans histochemical study of peroxidase activity \[[@bib59]\], the expression of *Lstag*-*sfc-5*, a shell-forming candidate with an "animal heme-dependent peroxidase" domain (Pfam PF03098; Additional file 41B) is localized to zones 1 and 2. Peroxidases may be involved in periostracum formation by cross-linking fibrous proteins rich in reactive quinones to form water insoluble, protease-resistant polymers \[[@bib85]\]. This process, also referred to as tanning or sclerotization, can also be catalyzed by tyrosinase (also known as catechol oxidase, catecholase, polyphenoloxidase, phenoloxidase, and phenolase). Within the molluscan biomineralization literature, sclerotization by tyrosinase appears to be the more commonly assumed mechanism, rather than by peroxidase. Nonetheless, Timmermans demonstrated that heat inactivation clears the periostracal groove and belt of both peroxidase activity and the ability to form melanin (a typical assay used to test for tyrosinase activity), while specific tyrosinase inhibitors sodium bisulphite and potassium cyanide (NaHSO~3~ and KCN) did not affect its ability to produce melanin \[[@bib59]\]. The spatial expression pattern of *Lstag*-*sfc-5*, coupled with the observations that newly secreted periostracum itself also displays peroxidase activity \[[@bib57]\] and Timmermans experiments \[[@bib59]\], strongly suggests that the peroxidase we have identified here plays a key role in cross-linking the periostracum in *L. stagnalis* rather than a tyrosinase, as also supposed for other gastropods such as *Lottia* \[[@bib15]\].

Glycine-rich shell-forming candidates are likely to be substrates for the peroxidase {#sec4-5}
------------------------------------------------------------------------------------

An important aspect of scleroprotein formation is its spatial coordination. The cross-linking reaction often generates cytotoxic intermediates, and the end products cannot be easily degraded or resorbed \[[@bib88]\]. Furthermore, the uncontrolled formation of extensive scleroprotein polymers prior to secretion would clearly be detrimental to the cell. One common strategy to avoid these events is to compartmentalize the scleroprotein precursor (that is unable to spontaneously polymerize) away from the cross-linking enzyme. Following secretion, the precursors are activated and enzymatically cross-linked \[[@bib88]\]. Such a scenario would suggest that the substrate upon which the peroxidase acts is not located within the same cells.

Three candidates expressed in zone three (*Lstag*-*sfc-6, -7*, and *-8*) encode secreted, basic proteins that are dominated by repetitive low-complexity domains (RLCDs) and anomalous amino acid contents (high glycine, tyrosine, asparagine, and leucine contents; Additional files 37 and 38). All of these glycine-rich proteins carry tyrosine residues flanked by glycine. This arrangement has been shown to be favorable for the formation of cross-links between tyrosine residues by peroxidase \[[@bib89]\]. Waite, in his review of natural quinone-tanned glues \[[@bib85]\], highlighted the typical L-3,4-dihydroxyphenylalanine (DOPA) -containing consensus precursor peptide sequences from a number of marine invertebrates. Allowing for a single mismatch, these substrate peptides (VGG**Y**G**Y**GK, GGGFGG**Y**GK, and GGG**Y**GG**Y**GK, cross-linking tyrosine residues in bold) can be found within *Lstag*-sfc-6*, Lstag*-sfc-7, and *Lstag*-sfc-8. Interestingly, these glycine-rich candidates are expressed exclusively in zone 3 (Additional files 7--9) immediately adjacent to zone 2, the region in which the peroxidase *Lstag*-sfc-5 is expressed (Additional file 6). Theoretically, once these proteins are secreted, the secreted peroxidase would be in very close proximity to the glycine-rich proteins and could act on the favored tyrosine residues to form di-tyrosine cross-links extracellularly.

A role for immunity and signaling in shell formation {#sec4-6}
----------------------------------------------------

*Lstag-*sfc-18 contains two Ig superfamily domains (Additional file 19; \[[@bib90]\]) and displays sequence similarity with the IMP-L2--like proteins (Additional files 40 and 41), an insulin-like growth factor--binding protein (IGF-BP) that carries two immunoglobulin-like domains and is able to bind IGF \[[@bib91]\]. Several studies by Dogterom and colleagues demonstrated the influence of a growth hormone secreted by the cerebral ganglia specifically on shell formation in *L. stagnalis* \[[@bib92]\]. The authors conclude that this growth hormone acts on cells in the belt region to control shell extension and periostracum formation but not on shell thickening. Interestingly, perlustrin, a protein associated with nacre in abalone shells, contains an IGF-BP domain and was also shown to bind IGFs and insulin \[[@bib96]\]. An intriguing idea for the presence of IGF-BP in the abalone shell is that it would allow the shell to signal to the underlying mantle epithelium. According to this hypothesis, IGFs present in the extrapallial fluid are bound by IGF-BP during calcification and incorporated into the shell. Should the shell dissolve or be locally damaged, these IGFs would be released and subsequently stimulate the underlying mantle epithelium to re-calcify. One line of evidence that strongly supports this hypothesis is provided by the osteogenic activity of mollusc shells \[[@bib97]\]. This hypothesis implies that although the shell is acellular, it is able to actively communicate and provide real-time feedback to the mantle epithelium \[[@bib98]\]. This interesting hypothesis awaits the development of gene-specific knock-down or knock-out assays.

RLCDs are an abundant feature of *L. stagnalis* shell proteins {#sec4-7}
--------------------------------------------------------------

Proteins containing RLCDs are a prominent feature of molluscan shell-forming proteomes \[[@bib15], [@bib99], [@bib100]\], and *L. stagnalis* is no exception. More than half of the *L. stagnalis* shell-forming candidates we identified possess RLCDs. Proteins containing these domains were present in the belt and the low columnar outer epithelium of the adult mantle and in a wide variety of patterns of the larval stages we investigated. The motif complexity, motif length, and number of motif repeats can vary greatly, from stretches consisting of a single amino acid (e.g., Additional file 24) to motifs that exceed 10 amino acids (e.g., Additional files 3, 4, 29 and 34). In some cases, almost the whole protein is composed of RLCDs (Additional files 7--10). Repeated motifs are a common feature of structural proteins such as collagens, keratins, silk, and cell wall proteins, as well as structural modules in functional proteins such as receptors, histones, ion channels, and transcription factors \[[@bib101], [@bib102]\]. RLCDs are often part of intrinsically unstructured regions that lack a fixed or ordered three-dimensional structure \[[@bib101]\]. In some cases, these regions define the functionality of the protein. As a general rule, unstructured proteins interact readily with other proteins \[[@bib103]\], and the highly repetitive, modular, and biased amino acid compositions can confer strength and elasticity \[[@bib104]\]. It will be extremely informative to selectively remove RLCDs from shell-forming proteins and to study the resulting shell phenotypes once genome modification tools become broadly available to molluscs.

Broad sequence similarity comparisons of metazoan biomineralizing proteomes {#sec4-8}
---------------------------------------------------------------------------

The crossed-lamellar microstructure is fabricated by phylogenetically diverse molluscan taxa and is by far the most commonly employed shell design of the Conchifera \[[@bib21], [@bib22], [@bib28]\]. While much attention has been dedicated to the characterization of nacre-forming bivalve shell proteomes, technical advances in nucleic acid sequencing and proteome-scale surveys have seen a rapid growth in the number and diversity of molluscan shell-forming proteomes and allow broad comparisons of these datasets to be performed. These comparisons can provide insight into the degree of evolutionary conservation that exists across shell-forming proteomes \[[@bib50]\]. In general, molluscan shell-forming proteomes are markedly different, with some deeply conserved elements such as alkaline phosphatases, peroxidases, and carbonic anhydrases \[[@bib28], [@bib57], [@bib105], [@bib106]\]. The significant diversity of molluscan shell ultrastructures, crystal textures, colors, and materials properties therefore cannot be explained by the use of the same genes in different ways. Rather, each lineage has uniquely evolved a large fraction of its shell-forming proteome \[[@bib14], [@bib100], [@bib107]\]. To expand on this comparative theme, we collected 879 biomineralizing proteins validated by proteomics from 10 molluscs, 1 brachiopod, 1 sea urchin, and 1 coral and performed sequence similarity comparisons against our *L. stagnalis* dataset. Two of the 10 molluscs, *Cepaea nemoralis* and *Mya truncata* \[[@bib51], [@bib108]\], construct shells that contain crossed-lamellar texture. Interestingly, our comparative analyses show that *L. stagnalis* and *M. truncata* have only three proteins that share relatively low degrees of sequence similarity, while *L. stagnalis* and *C. nemoralis* share 17 proteins (some of these with very high degrees of sequence similarity), the highest extent of similarity between all species surveyed (Fig. [4](#fig4){ref-type="fig"}). Both *L. stagnalis* and *C. nemoralis* inhabit non-marine environments, and the similarities in their shell proteomes may either be a manifestation of this and/or a reflection of their crossed-lamellar shells. The similarity of their shell protein content may also reflect the relatively recent divergence time (Meso-Cenozoic) of these two clades (Stylommatophoran, i.e., *C. nemoralis* vs. hygrophilid, i.e.*, L. stagnalis*) within the monophyletic order of pulmonate gastropods, in comparison to the other species. One of the most striking observations we made in these comparisons was that almost all *L. stagnalis* shell-forming candidates expressed in zone 5 share sequence similarity with *C. nemoralis*. Conversely, *L. stagnalis* shell-forming candidates expressed asymmetrically on the right side in larvae were not present in any other biomineralizing proteomes.

Some *L. stagnalis* shell-forming proteins contain domains found in a number of the biomineralizing proteins present in the dataset we assembled or are known to play a role in processes other than biomineralization such as the Sushi domain, the von Willebrand factor A domain, the immunoglobulin domain, and the filament protein domain \[[@bib14], [@bib109]\]. The Pif-like protein is prevalent in both bivalve and gastropod nacreous shell proteomes and is known to bind aragonite crystals and to regulate nacre formation \[[@bib110]\]. However, limpets, which construct crossed-lamellar structures, also contain Pif in their shells \[[@bib15], [@bib110], [@bib111]\]. Our results further demonstrate that Pif is not limited to nacreous matrices and that it is likely to be a deeply conserved element of the molluscan biomineralizing proteome.

Glycosylation patterns {#sec4-9}
----------------------

Our preliminary analysis of the sugar moieties associated with shell-forming proteins revealed an interesting dichotomy between the ASM and AIM; the population of ASM proteins appear to be far more glycosylated than AIM proteins (Table [1](#tbl1){ref-type="table"}). Whether this difference is generated by a heavily glycosylated subset of the ASM or if it reflects a general trend of most ASM proteins being glycosylated remains unknown. We also cannot determine whether there are any spatial biases within the adult mantle tissue with regards to the location of glycosylated proteins. The high percentage of glucosamine identified in AIM and ASM suggests that chitin, or its deacetylated derivative chitosan, is present in both extracts, but this hypothesis requires further testing. Despite their likely importance to the functional mechanisms of shell formation, post-translational modifications of molluscan shell-forming proteins remain relatively understudied, and we predict that research efforts in these directions would yield interesting functional insights into the mechanisms of shell fabrication.

Conclusion {#sec5}
==========

By characterizing the spatial expression patterns of 34 genes associated with shell formation, we have revealed patterns of asymmetry that presumably contribute to the coiled phenotype of *Lymnaea\'*s shell. Our broad survey of these genes in the adult mantle tissue also highlight the morphological modularity of this phylum-specific organ and allude to an explanation as to why the Mollusca have evolved so many successful shell morphologies. While gene co-option, domain shuffling, and gene family expansion are mechanisms that have clearly contributed to the great diversity of molluscan shell-forming proteins, our analyses also suggest that alternative splicing acts to significantly expand the shell-forming molecular repertoire. Comparing the results of spatial gene expression surveys focused on shell-formation from a broad range of molluscan taxa will shed further light on the evolutionary story of this fascinating structure.

Availability of supporting data {#sec6}
===============================

All raw NGS data has been deposited with the SRA with BioSample accession numbers SAMN08117214, SAMN08117215, SAMN08709370, SAMN08709371, SAMN08709372, SAMN08709373, SAMN08709374, SAMN08709375, SAMN08709376, and SAMN08709377. Individual image files for the *in situ* hybridization gene expression patterns and the sense strand cDNA sequences used to generate the *in situ* hybridization riboprobes can be accessed from the associated GigaDB repository \[[@bib45]\]. The mantle transcriptome assemblies are also available via GigaDB \[[@bib45]\] (file names: C2844_CLC_idba_Trinity_for_annotation.fasta and C2845_CLC_idba_Trinity_for_annotation.fasta). All MS data have been deposited with the ProteomeXchange Consortium with the dataset identifiers PXD008547 and 10.6019/PXD008547. Other supporting data are available from additional files, also including an extended description of the *in situ* hybridization results (see additional file 47).

Additional files {#sec7}
================

**Additional file 1**. <ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_1.xlsx>. Summarized results of MASCOT searches.

**Additional files 2--35**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files) Whole mount *in situ* hybridisation results and molecular features of 34 shell-forming gene candidates.

**Additional file 36**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_36.pdf.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_36.pdf) A more comprehensive summary of the results presented in Fig. [3](#fig3){ref-type="fig"}.

**[Additional file 37](#sup11){ref-type="supplementary-material"}**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_37.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_37.xlsx) Detailed table of the molecular features of all shell-forming protein candidates.

**Additional file 38**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_38.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_38.xlsx) Results of repetitive motif searches using Xstream.

**Additional file 39**. <ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_39.txt>. A FASTA formatted file of the 879 protein sequences used to construct Fig. [4](#fig4){ref-type="fig"}.

**Additional file 40**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_40.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_40.xlsx) Detailed results of tBLASTx similarity searches for all shell-forming candidate genes against nr database.

**Additional file 41**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_41.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_41.xlsx) Detailed results of protein family and protein domain similarity searches for all shell-forming candidate genes against CDD database.

**Additional file 42**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_42.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_42.xlsx) Detailed results of BLAST similarity searches for all shell-forming candidate genes against SwissProt database.

**Additional file 43**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_43.xlsx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_43.xlsx) Lineages for all shell-forming candidates that returned positive BLAST results.

**Additional file 44**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_44.txt.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_44.txt)Nucleotide sequences of 34 families of shell forming candidate genes.

**Additional file 45**. <ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_45.txt>. Translated sequences of 34 families of shell forming candidate genes.

**Additional file 46**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_46.txt.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_46.txt) mRNA regions targeted by riboprobes.

**Additional file 47**. [ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_47.docx.](ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100436/MS_supplemental_files/Additional_file_47.docx) Extended Results and Discussion.

Abbreviation {#h1content1527588855449}
============

AIM: acid-insoluble matrix; ASM: acid-soluble matrix; BLAST: Basic Local Alignment Search Tool; CNS: central nervous system; dpfc: days post first cleavage; GRN: gene regulatory network; hpfc: hours post first cleavage; IGF-BP: insulin-like growth factor--binding protein; LC: Liquid chromatography; MS: mass spectrometry; NGS: next-generation sequencing; PCR: polymerase chain reaction; RLCD: repetitive low-complexity domain; SEM: Scanning Electron Microscopy; SRA: Sequence Read Archive; UTR: untranslated region.
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